In the epithelium of the lower airways, a cell type of unknown function has been termed "brush cell" because of a distinctive ultrastructural feature, an apical tuft of microvilli. Morphologically similar cells in the nose have been identified as solitary chemosensory cells responding to taste stimuli and triggering trigeminal reflexes. Here we show that brush cells of the mouse trachea express the receptors (Tas2R105, Tas2R108), the downstream signaling molecules (α-gustducin, phospholipase C β2 ) of bitter taste transduction, the synthesis and packaging machinery for acetylcholine, and are addressed by vagal sensory nerve fibers carrying nicotinic acetylcholine receptors. Tracheal application of an nAChR agonist caused a reduction in breathing frequency. Similarly, cycloheximide, a Tas2R108 agonist, evoked a drop in respiratory rate, being sensitive to nicotinic receptor blockade and epithelium removal. This identifies brush cells as cholinergic sensors of the chemical composition of the lower airway luminal microenvironment that are directly linked to the regulation of respiration.
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airway sensory innervation | respiratory epithelium | jugular-nodose ganglion | bitter-tasting substances T he so-called "brush cells" of the respiratory epithelium of the lower airways are morphologically defined by an apical tuft of microvilli containing the structural proteins villin and fimbrin (1) . Despite some similarities, they are different from solitary neuroendocrine cells of the epithelium that can give rise to small-cell lung carcinoma (2) . The function of brush cells in the lower airway epithelium is still unclear. Originally, a resorptive function and hence a role in regulation of the viscosity of the mucous had been postulated (3) , whereas recent evidence points toward a chemosensory function (4) . Alpha-gustducin and phospholipase C β2 (PLC-β2), elements of the bitter and sweet sensing transduction cascade, have been detected in solitary, putative brush cells of the rat trachea (5), and we identified TRPM5, a tastesignaling (sweet, bitter, amino acid) transient receptor potential cation-channel in rat and mouse tracheal brush cells (6) . Morphologically similar cells in the mouse nasal epithelium express α-gustducin (7) and respond to bitter stimuli, and their activation evokes respiratory reflexes via afferent neurons of the trigeminal nerves (8, 9) . Analyzing a mouse strain expressing enhanced GFP (eGFP) under the control of the promoter of the acetylcholine synthesizing enzyme, choline acetyltransferase (ChAT), solitary ChAT-eGFP + cells were located in the tracheal epithelium that did not express a marker protein of solitary neuroendocrine cells (10) . This led us to the hypothesis that brush cells of the lower airway epithelium are solitary chemosensory cells that sense the chemical composition of the airway lining fluid and transmit this information to sensory nerve endings via cholinergic transmission.
Results
Tracheal Brush Cells Are Cholinergic. We observed solitary flaskshaped or triangular eGFP + cells in the tracheal epithelium of two independently generated mouse strains with knockin of eGFP within a BAC spanning the ChAT locus (10, 11) . The average number of these cells in a mouse trachea was 6242 ± 989 with approximately twice as many cells located above noncartilagenous regions (4,065 ± 640 cells) than in epithelial stretches overlaying cartilage rings (2,177 ± 550 cells) (Fig. S1) . Only a few of such cells were located in the main extrapulmonary bronchi, and they occurred only in exceptional cases distal to the lung hilus. Immunohistochemistry demonstrated expression of villin in these cells, a marker protein of brush cells ( Fig. 1 A and A′), and ultrastructural eGFP immunohistochemistry revealed their brush cell morphology (Fig. 1B) . The cholinergic nature of the ChATeGFP + brush cells was further documented by their immunoreactivity for the vesicular acetylcholine transporter (VAChT), a membrane protein of cholinergic vesicles (12) (Fig. 1 C and C′) and observation of VAChT-IR in villin-positive cells in wild-type tracheas (not shown). Although all ChAT-eGFP + cells were immunoreactive to villin, a small fraction (17%; 164 cells/4 mice) of villin-positive cells did not exhibit eGFP (Fig. 1D) , even when visualization of eGFP was enhanced by eGFP immunolabeling (Fig.  1E) , strongly suggesting heterogeneity of tracheal brush cells.
Cholinergic Brush Cells Express a Bitter Taste Transduction System.
Detection of bitter substances is achieved by a variety of taste receptors of the T2R family that are coupled to the G protein, α-gustducin. Their stimulation leads to activation of PLC-β2 and, subsequently, to opening of TRPM5 channels (13) (14) (15) . We previously identified TRPM5 in tracheal brush cells (6) . Here, we detected α-gustducin immunoreactivity and PLC-β2 immunoreactivity in cholinergic (ChAT-eGFP + ) brush cells ( Fig. 2 A-B′) . In this respect, tracheal cholinergic brush cells differ from cholinergic cells in the taste buds of the circumvallate papillae (16), which we found to be largely separate from α-gustducin-and PLC-β2-immunoreactive taste cells (Fig. 2 C and D) .
In the absence of specific antibodies against murine T2R subtypes, we investigated their expression by RT-PCR. Of the 35 known mouse T2Rs, ligands are identified for T2R105 (cycloheximide) and T2R108 (denatonium) (17, 18) . For both, mRNA was detected in abraded tracheal epithelium, along with α-gustducin mRNA and PLC-β2 mRNA (Fig. 2E) . ChAT-eGFP + cells were then purified by FACS from freshly dissociated epithelial cells. RT-PCR analysis of the purified fraction validated eGFP expression, confirming that the cells of interest had been harvested, whereas expression of α-tubulin (marker for ciliated cells), protein gene product (PGP) 9.5 (neuroendocrine cell marker), and myosin heavy chain (smooth muscle cells) was not detectable (Fig. 2F) . These purified cells expressed the full range of the bitter taste transduction system from the receptor to the second messenger generating enzyme (i.e., T2R105, T2R108, α-gustducin, and PLC-β2) (Fig. 2F and Fig. S2 ).
Cholinergic Tracheal Brush Cells Are Connected to Cholinoceptive Sensory Nerve Fibers. Tracheal whole-mount preparations from ChAT BAC -eGFP mice were triple-stained for eGFP (to enhance fluorescence of ChAT-eGFP + cells), PGP 9.5 (to visualize both nerve fibers and solitary neuroendocrine cells), and calcitonin gene-related peptide (CGRP; to visualize sub-and intraepithelial sensory C-fibers). As previously deduced from tissue sections, ChAT-eGFP + cells and neuroendocrine cells represent separate entities (Fig. 3) . Both cell types, however, receive contacts from CGRP-positive (5.8% for brush cells and 5.9% for neuroendocrine cells) and nonpeptidergic (PGP 9.5-positive, CGRP-negative; 21.7% for brush cells and 21% for neuroendocrine cells) nerve fibers. Confocal analysis of immunolabeled cross-sections confirmed the whole-mount data ( Fig. S3 A-B′). Interestingly, expression of the presynaptic protein SNAP 25 was not detected in brush cells (Fig. S3 C-E). We next set out to determine whether such nerve fibers express cholinergic receptors and are indeed sensory. Tracheal sensory nerve fibers originate mainly from cell bodies located in vagal sensory ganglia (19) (20) (21) , where the α3-and β4-subunits are the most widely expressed subunits of nicotinic acetylcholine receptors (nAChR) (22) . Hence, we investigated the tracheal mucosa and vagal sensory ganglia in BAC transgenic mice with eGFP driven by the nAChR α3β4α5 cluster Tg(Chrna3-EGFP) (23) . Sensory neurons expressing eGFP fluorescence in this transgenic line indeed carry functional nAChRs: they respond to nicotine with a sharp increase in cytosolic calcium concentration (Fig. S4 ). Intraepithelial nAChR-positive nerve fibers were colabeled for CGRP (Fig. 4 B-B″) and seemed to establish close contacts to villin-positive (brush) cells (Fig. 4 A-A″). The sensory vagal origin of such nerve fibers was confirmed by retrograde neuronal labeling using Fast Blue instillation in the airways. Six percent of all retrogradely labeled neurons in the jugular-nodose complex (n = 1,878 Fast Blue + neurons from four animals) exhibited an nAChR-eGFP + /CGRP + phenotype (Fig. 4 C-C″), another 2% were nAChR-eGFP + without additional CGRP immunolabeling, and 9% were solely CGRP immunoreactive. Hence, cholinergic brush cells contact a population of peptidergic (CGRP) cholinoceptive vagal sensory neurons.
Mucosal Application of a Bitter Substance Elicits a Cholinergically
Driven Respiratory Reflex. The morphological studies summarized above suggest that tracheal cholinergic brush cells detect bitter substances in the airway lining fluid and transmit this information through the release of acetylcholine, which in turn activates nAChRs on adjacent sensory nerve fibers, resulting in action potentials and ultimately respiratory reflexes. To address this hypothesis directly, a method was established that allows monitoring respiratory efforts in a freely breathing mouse while perfusing the mucosal surface of the upper cervical trachea with test substances (Fig. S5 ). Capsaicin, a known activator of afferent C-fibers (24, 25) and here used as a test substance to validate the system, elicited sharp changes in respiration, accompanied by abrupt decreases in respiratory rate ("respiratory events") (Fig.  5A ). This reflex response was substance specific and not caused by perfusion with buffer alone (Fig. 5B and Fig. S6) . A nicotinic agonist, 1,1-dimethyl-4-phenylpiperazinium iodide (DMPP), did not elicit respiratory events of the capsaicin-type but led to a long-lasting drop in respiratory rate with late onset (Fig. 5C) . A comparable pattern was observed in response to 10 and 100 μM cycloheximide, a bitter substance and T2R105 agonist ( Fig. 5D and Fig. S6 ). We chose this bitter substance instead of denatonium, a T2R108 agonist, because cycloheximide did not directly affect other respiratory epithelial cells (Fig. S7) , in contrast to denatonium, which increases ciliary beat frequency in differentiated cultured human ciliated cells (26) .
The nAChR antagonist mecamylamine, superfused directly over the tracheal mucosa, inhibited the respiratory reflexes evoked by tracheal cycloheximide but not those evoked by capsaicin ( Fig. 5 E and E′), demonstrating involvement of cholinergic transmission in the cycloheximide evoked responses. Abrading the airway epithelium also prevented the responses evoked by cycloheximide in three out of four experiments, even though complete denudation was never achieved, as evidenced by postmortem visualizaton of airway epithelial cells and the underlying sensory nerve terminals using FM1-43 (Fig. 5 D and D″) , and by the unaffected response to capsaicin. Indeed, especially large stretches of epithelium were left intact in the trachea of the one animal that still responded to cycloheximide after mechanical abrasion (Fig. 5D′) .
Discussion
In the respiratory tract, direct proof for bitter taste sensing has been provided for solitary chemosensory cells of the nasal cavity, the classic site for probing the incoming airstream, involving as-yet unidentified neurotransmitters (8, 9) . In the nose, bitter compounds of bacterial origin, such as acyl-homoserine lactones, trigger trigeminally mediated transient respiratory depression (9) . This reflex is considered protective by avoiding further inhalation of bacteria, and the anticipated simultaneous release of neuropeptides in the mucosa may trigger an inflammatory response before the bacteria grow to population densities capable of forming destructive biofilms (9) . Similarly, ChAT-expressing solitary che- (28, 29) . Recently, expression of Tas2Rs was shown in the rat airways (30) . Still, the exact cell type expressing the actual taste receptors, the stimuli that excite them, the responses evoked upon stimulation, and the messengers mediating these responses remained unknown. Here we demonstrate that brush cells of the tracheal epithelium are solitary chemosensory cells that sense bitter compounds in the airway lining fluid, transmit this information to sensory nerve endings via cholinergic transmission, and thereby initiate an aversive reflex (i.e., reduction of respiratory rate). This reflex differentiates this system from purely local or "cell autonomous" responses to taste stimuli like those being described for ciliated cells cultured from human airways that respond to bitter stimuli with increases in ciliary beat frequency (26) . Recently, an aerosolized administration of bitter substances was reported to relax the airways in a mouse model of allergic inflammation (31) . Still, it remains unclear how the bitter substances access the smooth muscle layer in vivo and whether a possible mechanism is an activation of tracheal chemosensory brush cells, which secondarily activate the airway smooth muscle. Highly purified fraction of ChAT-eGFP cells after FACS sorting (97.5%) was collected and processed in RT-PCR experiments (Right). Tracheal homogenate was applied as a positive control for all investigated genes except eGFP, for which we used eGFP + tissue biopsy (control DNA). mRNA for eGFP, α-gustducin, PLC-β2, for the cycloheximide receptor Tas2R105, and the denatonium receptor Tas2R108 is detected in the ChAT/eGFP + fraction; respective lanes are highlighted by the blue label. Contamination of this cell fraction with other cell types is excluded by the lack of mRNA for tubulin (tub), a marker for ciliated cells, for protein gene product 9.5 (PGP), a marker for neuroendocrine cells, and for myosin heavy chain (Myh), a marker for smooth muscle cells. Corresponding cell numbers of the ChAT/eGFP + fraction do not express taste-related genes. β-Microglobulin (β-MG) served as housekeeping gene to control for mRNA quality and PCR efficiency. All control reactions including samples in absence of reverse transcriptase (Ø RT) and without template (H 2 O) were negative. Indeed, there are direct contacts between tracheal brush cells and sensory nerve fibers, as demonstrated in the present confocal and in earlier electron microscopic studies (28) . Sensory nerve fibers approaching tracheal cholinergic chemosensory cells are of at least two types: peptidergic (CGRP positive) and nonpeptidergic. Both types were also identified by retrograde neuronal tracing, and a subset of each type also expressed nAChRs. It is currently unclear which of these afferent nerve subtypes triggers the respiratory reflexes evoked by nAChR stimulation. As for the CGRP-positive population, however, it is known that acetylcholine and nicotine evoke direct release of neuropeptide from the peripheral terminal in the rat trachea (32) , which causes local neurogenic inflammation involving plasma extravasation and activation of the innate immune system (33) . Hence, innervated cholinergic chemosensory cells are likely to trigger local defensive reflexes in addition to centrally mediated respiratory and likely autonomic reflexes.
We found that the majority of cholinergic chemosensory cells do not receive direct innervation, in line with the recent observations of Tizzano et al. (9) , showing that tracheal TRPM5-positive cells are less innervated than those of the nasal cavity. Acetylcholine released from such noninnervated chemosensory cells may exert paracrine actions, such as local stimulation of secretion (34) . Indeed, administration of bitter compounds provokes secretion of airway surface liquid in the rat trachea (35) , but the link between chemoreception and secretion remains to be determined. Notably, cycloheximide doses that effectively triggered reflex initiation had no impact on overall cilia-driven particle transport on the tracheal surface, whereas, in the same experimental setup, particle transport speed is doubled in response to pharmacological stimulation of muscarinic cholinergic receptors (36) . Thus, at least under the present conditions, cholinergic effects triggered by cycloheximide are restricted to the immediate surrounding of the cholinergic cells and do no spread over the entire mucosal surface.
In conclusion, we propose a concept of breathing control involving brush cells as cholinergic sensors of the chemical composition of the lower airway luminal microenvironment that are directly linked to vagal regulation of respiration.
Materials and Methods
Immunohistochemistry. Information about animals, tissue preparation, antibodies, and peptides used in the study is given in SI Materials and Methods and Table S1 . Cryosections (10 μm) were incubated for 1 h with blocking solution containing 50% horse serum, followed by an overnight incubation with the primary antisera. Combinations were as follows: chicken anti-eGFP/ rabbit anti-PGP 9.5, chicken anti-eGFP/rabbit anti-CGRP, chicken anti-eGFP/ rabbit anti-villin, chicken anti-eGFP/rabbit anti-α-gustducin, and chicken anti-eGFP/rabbit anti-PLC-β2. Here, anti-eGFP staining was first accomplished, and then immunolabeling for the second antigen was performed. Slides were evaluated with an epifluorescence microscope (Zeiss) and with a confocal laser scanning microscope (CLSM) (Leica-TCS SP2 AOBS; Leica).
Preembedding Immunohistochemistry and Electron Microscopy. Specimen preparation and analyses were performed as described previously (37) . SI Materials and Methods provides a detailed description of experimental procedures.
Whole-Mount Immunostaining and Confocal Analysis. The antibody staining was performed as previously described (37) . Image stacks for the quantitative analysis were scanned with an XYZ-resolution of 1,024 × 1,024 × 53, with dimensions of 318.2 μm × 318.2 μm × 30 μm, respectively, starting from the luminal side of the tracheal epithelium. Four image stacks (two at the proximal and two at the distal halves) were taken of each of the three tracheas. Image stacks were analyzed using Imaris 6.2.1. (Bitplane). In each dataset, 10 GFP + epithelial cells (altogether n = 120) were randomly selected and manually examined to determine whether they had direct contact to PGP 9.5 + and/or CGRP + nerve fibers and to PGP 9.5 + epithelial cells. Subsequently, 10 PGP 9.5 + epithelial cells were examined in the same fashion.
Tracing of Trachea and Lung Afferents. Tracing of airway afferents was performed on adult Tg(Chrna3-EGFP) mice (n = 14) from either sex. The experiments were conducted in accordance with the European Communities Council Directive of November 25, 1986 (86/609/EEC). Briefly, animals were anesthetized, and 2.5-2.7 μL of tracer Fast Blue (Polyscience) were injected into the tracheal lumen (detailed description in SI Materials and Methods).
The animals were allowed to recover and were killed at the fourth postoperative day. Spinal cord at segmental levels C1-C5, the jugular-nodose complex, and thoracic viscera en bloc were dissected and further processed for immunohistochemisty. Sections were labeled for CGRP/Cy3 and NF 68/ Cy5, and the neurochemical characteristics from ≈500 neurons from each ganglion labeled by Fast Blue were recorded.
Fluorescence-Activated Cell Sorting. A pure population of brush cells was obtained by FACS analysis. Description of the isolation of tracheal cells is given in SI Materials and Methods. Leukocytes were stained with an APS/Cy7-conjugated anti-mouse CD-45 antibody (1:125; BioLegend). Fluorescence compensation settings were established using BD CompBead Plus AntiMouse Ig-κ beads. FACS was performed using a BD FACSAria II cell sorter. Sorting gates were set on the low side scatter (SSC)/eGFP + cell population.
Cell debris was excluded by appropriate gate setting. Cells were sorted in HBSS buffer and kept on ice until processing with RT-PCR experiments. Data acquisition and analysis were performed using the BD FACSDiva Software package (all from BD Biosciences PharMingen).
RT-PCR with Cells Sorted by FACS/Single-Cell RT-PCR. First-strand cDNA was synthesized from sorted ChAT-eGFP + cells (400 hits) or from single eGFPfluorescent cells by using the Super-Script III CellsDirect cDNA Synthesis System (Invitrogen) according to the manufacturer's recommendations. Three microliters of each sample (cDNA, Ø RT, or H 2 O control) was used for PCR amplification (conditions are given in SI Materials and Methods) of mouse β-actin, eGFP, α-gustducin, PLC-β2, Tas2R105 and 108, tubulin, PGP 9.5, and Myh by the HotStar Taq Poymerase Kit (Qiagen) according to the manufacturer's recommendations (primers listed in Table S2 ). Products were visualized in ethidium bromide-stained 1.5% agarose gels. To assess viability of the preparation at the end of each experiment, tracheae were challenged topically with capsaicin (10 −5 M). At the end of all experiments, mice were killed by cervical dislocation. All reagents were purchased from Sigma-Aldrich. A modification of the method by Meyers et al. (38) was used to label capsaicin-sensitive nerve terminals in the airways and to assess epithelial integrity postmortem. Digital images of trachea were captured using a JenOptik cooled CCD digital camera.
Statistical Analysis. We used an unpaired experimental design for all of the studies described above. Respiratory rate under nonstimulatory conditions was set as baseline. Changes in respiratory rate were calculated. Differences among group means were assessed by Kruskal-Wallis test, followed by Mann-Whitney test. A P value ≤0.05 was considered significant. Cycloheximide (100 μM), a bitter substance that has affinity for Tas2R105, also causes a drop in the respiratory rate, which is completely abrogated by the nicotinic antagonist mecamylamine (MEC, 10 μM). The response to 10 μM capsaicin (CAP), however, persisted under nicotinic blockade (arrow = augmented breath). Mechanical disruption of the epithelium (D, Lower) abolishes the cycloheximide (CYC) effect in three out of four animals (box plot, D´). (D″) Intravital fluorescence staining of the trachea with FM1-43 at the end of the experiment in which the animal still responded to cycloheximide revealed incomplete abrasion of the epithelial layer, and single epithelial cells (asterisks) are still contacted by capsaicin-sensitive nerve fibers (arrowhead). (D′ and E′) Statistical analyses of experiments shown representatively in E and D. Box plots: percentiles 0, 25, median, 75, and 100 (Mann-Whitney test, P ≤ 0.05 is considered significant).
